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Abstract 
ZnO nanowires with different sizes and geometrical shapes have been studied by means of density functional theory 
(DFT) calculations. Atomic relaxation, energetic stability, and electronic properties of these nanostructures show a 
particular dependence on the shape of the nanowires. Our results indicate that the hexagonal shape nanostructures are 
more favorable than the triangular one due to lower total surface energy, whereas lattice relaxation and surface states 
appear to be more pronounced in the case of triangular nanowires. 
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 1. Introduction 
In recent years, zinc oxide (ZnO) has attracted a lot of attention because of its interesting physical 
properties such as its wide and direct band gap, large exciton binding energy, high electron mobility, and 
high thermal conductivity [1-4]. These features render ZnO suitable for several applications ranging from 
optoelectronics, piezoelectric and photovoltaic systems [1-16], to medical and biological devices being 
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ZnO also biodegradable and biocompatible [5]. Some of ZnO properties are improved when it is 
synthesized in the form of nanosized material and, for this reason, a wide range of ZnO nanostructures 
have been lately obtained [5, 9] such as, nanohelixies, nanobows, nanorings, nanowires, and nanocages. 
One-dimensional nanostructures have been among the most widely studied both experimentally [4-16] 
and theoretically [13, 18-22, 24, 33]. One of the advantages offered by these structures is their high 
surface to volume ratio, which renders them suitable for being applied in the field of energy conversion. 
ZnO nanowires (Nws) based dye sensitized solar cells (DSCs) have been realized by Matt et al [10] and a 
full sun efficiency of 1.5% was demonstrated. ZnO single nanowire light-emitting diode (LED) was 
realized by electric injection method [11] and the internal photoconductive gain reported in ZnO Nws UV 
photo-detector is among the highest ~108 [12]. 
Mechanical and electromechanical properties of 1-D ZnO nanostructures have also been subject of 
numerous investigations because ZnO Nws form the fundamental components of nanopiezotronics [15, 
16], a new field in nanotechnology in which piezoelectric nanostructures are employed for harvesting 
energy in self-powered wireless nanodevices. Size dependence of Young’s Modulus in ZnO Nws has been 
experimentally and theoretically revealed [13]. In particular, it has been shown that the Young’s modulus 
of ZnO Nws with diameters smaller than about 120 nm increases dramatically with decreasing diameters. 
Diameter-dependent surface electronic structure also suggests strong surface effects for nanowires with 
diameters smaller than 40 nm [14].  
Several theoretical studies based on ab initio methods have focused on the study of hexagonal shape 
ZnO Nws and on the dependence on the size reduction of some of their physical properties [13, 18-21, 33, 
39]. For example, large piezoelectric coefficients were found in ZnO Nws with diameter smaller than 2.8 
nm [18], while polarity inversion was predicted in Nws with a critical radius of ~10 Å [19]. It has also 
been shown that uniaxial stress applied to ZnO Nws induces a band gap transition from direct to indirect 
[21] and may even lead to a phase transformation from wurtzite to graphite-like hexagonal structure [39]. 
To the best of our knowledge, one of the most significant studies on the effect of geometrical shape [22, 
24] on the properties of ZnO Nws was done by Z. Yang et al [22], who predicted current-voltage 
characteristic dependence of the geometry of the wires by a combined non-equilibrium Green’s function 
and density functional theory (DFT); a similar dependence was reported for GaN Nws [23]. 
In the present paper we compare the relaxation mechanism, the energy stability and the electronic 
structure of nanowires with two different geometrical shapes (hexagonal and triangular) and increasing 
diameter. In the followings, we first summarize the computational approach employed in our study and 
then we discuss the results for ZnO bulk (section 3) and ZnO nanowires (section 4). Conclusions are 
presented in section 5. 
2. Method 
We used Density Functional Theory (DFT) in the generalized gradient approximation (GGA) as 
parameterized by Perdew, Burke and Ernzerhof (PBE) [25] and as implemented in the SIESTA package 
[26, 27]. The Kohn-Sham orbitals were expanded in numerical pseudo atomic double zeta polarized basis 
sets (DZP) and electron-ion interaction was included by employing norm-conserving pseudopotentials 
[28]. The pseudopotentials were generated using the ATOM code [29] within the Troullier-Martins 
scheme [28]; valence configurations corresponding to 2s2 2p4 and 3d10 4s2 have been considered for 
oxygen and zinc respectively. In the case of nanowires, the 1D-Brillouin zone was sampled using a 
(1×1×8) Monkhorst Pack grid [30] since larger grids did not show further improvement in the description 
of Nws properties. A mesh cutoff of 350 Ry was used for the augmented electron density on a regular 
real-space grid and geometry optimizations were performed using the conjugate gradient method, until 
the forces acting on atoms were less than 0.001 eV/Å.  
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3. ZnO Bulk 
Before discussing the properties of one-dimensional nanostructures, we present the results for ZnO 
bulk structure that, besides representing our reference system to compare the nanowires to, allowed us to 
address the accuracy of our computational approach. The thermodynamically stable crystalline phase of 
ZnO is the wurtzite (hexagonal) structure, in which each cation is thetrahedrally coordinated by four 
anions and vice versa.  ZnO equilibrium volume at the GGA level was obtained by fitting the energy vs 
volume curve with a third order Birch-Murnaghan equation of state [31-32]: the equilibrium volume of 
the elementary cell (Veq) was found to be ~ 47,748 Å 3 which is in very good agreement with the 
experimental value (47.658 Å 3 [1]) and with previous GGA calculations (48.40 Å3 [33]). For the 
equilibrium structure we calculated the enthalpy formation energy according to the formula: ∆HZnO= μZnO 
– (μ0+ μZn), where μZnO is the chemical potential (total energy) of bulk ZnO, μ0 is the chemical potential 
of oxygen estimated from the total energy of an O2 molecule and μZn is the chemical potential of metallic 
zinc in its stable hexagonal close-packed crystal structure. The optimized parameters for wurtzite ZnO are 
listed in Table 1. The values found for the lattice parameters (a, c), bulk modulus (β), and enthalpy 
formation energy (∆H) are in very close agreement with experimental values and other theoretical 
calculations. 
It is known that DFT calculations underestimate the energy gap and this is particularly true for the case 
of ZnO. Due to the underestimation of correlation effects among localized d electrons, we found that at 
GGA level the 3d electrons of zinc are found at about 5 eV below the valence band maximum, VBM, (in 
agreement with ref. [35]), i.e. at energies much higher than what they actually are found experimentally 
or by employing hybrid functional (~7 eV below VBM [2, 35]). Underestimating the depth of the d 
electrons leads to an overestimation of their repulsive interaction with the valence p electrons that, as a 
consequence, are pushed up in energy inducing a strong gap reduction. This latter deficiency can be 
partially corrected by applying a Hubbar U correction to the semicore d states of the cation (GGA or 
LDA+U approach), yet, it has been recently shown that LDA and LDA+U give consistent description of 
nanowires geometry and predict a very similar trend of energy gap (confinement effects) with respect to 
size reduction [42]. For this reason, in the followings we will present results without the inclusion of a 
Hubbard corrective term. 
 
Table 1. Comparison between our calculated equilibrium structure parameters for bulk ZnO and previous published results 
(theoretical and experimental). 
 This work Other GGA Experiment 
c(Å) 5.272 5.269[33], 5.309 [20] 5.204[1]  
a(Å) 3.234 3.261[33] , 3.283[38] 3.2491] 
c/a 1.630 1.616[33] 1.602[1] 
u(Å) 0.376 0.377[33], 0.378[38] 0.380[1] 
d(Zn-O) 1.981 1.980[24] 1.992[38] 
Veq (Å3) 47.748 48.400[33] 47.658[1] 
β (GPa) 150.2 133.7 [1], 149.0[38] 142.4[1] 
β’   4.63   3.83[1]  3.60[1] 
Eg (eV)   0.71  0.75[18], 0.71[20]  3.37[1] 
∆H (eV) -3.35 -3.55[38] -3.63[37] 
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4. ZnO Nanowire 
In our study, we considered ZnO nanowires both with hexagonal and triangular cross section that are 
periodic along the [0001] direction and present non-polar (1010) lateral surfaces (see Fig. 1). Hexagonal 
shape Nws corresponds to the one mostly observed experimentally. All our systems are modeled by 
employing supercells whose dimensions in the direction perpendicular to the Nw axes are large enough to 
prevent interaction between periodic replicas. As for the hexagonal shape Nws, we have analyzed three 
cases: nanowire H1, H2 and H3 that contain 12, 48 and 108 atoms/cell and correspond to average relaxed 
diameters of 3.711, 9.860, and 16.260 Å respectively (diameters are defined with respect to the position of 
oxygen atoms at surface). The triangular shape nanowires are labeled T1 (26 atoms/cell), T2 (44 
atoms/cell), and T3 (66 atoms/cell) and have diameters of 7.344, 11.090, and 14.786 Å respectively. In the 
case of triangular Nws, the average relaxed diameter is calculated by considering the cylinder of radius R 
containing the equilateral triangle whose vertices are the oxygen atoms at the edges of the wire (see Fig. 1 
and Fig. 3). Our final relaxed structures are represented in Fig. 1. In what follows, we adopt the notation 
used in Fig. 1 to indicate the different nanowires, H-Nw and T-Nw will refer to the hexagonal and 
triangular nanowires respectively. 
 
Fig. 1. Cross sections of the relaxed hexagonal (a) and triangular (b) ZnO nanowires. Red and gray balls represent oxygen and zinc 
atoms respectively. 
 
Both types of nanowires undergo similar relaxation mechanism at their surface, with the oxygen atoms 
moving outwards and the zinc atoms inwards, similarly to what observed for the clean ZnO non-polar 
surfaces [19]. The average distance between an oxygen atom at the surface (Os) and the nearest zinc atom 
in the direction of the nanowire axis (Zn┴) decreases slightly with increasing diameter in the case of H-
Nw. In contrast, this bond length remains almost unchanged and smaller than the bulk distance (1.981 Å) 
for the Zn-O bonds at the edge of the T-Nw (see Table 2), in agreement with Ref. [24]. Surface relaxation 
mostly regards the outer atomic layer of the wires, while subsurface bonds (OSub- Zn┴) do not show major 
distortions. 
One of the main effects of the Nws size (diameter) reduction is the increase of the lattice parameter 
along the Nw axis with respect to the bulk value, but no clear trend can be identified for the two classes of 
Nws (see Fig. 2b). For example Nw H2 and T2, although having very similar diameters and number of 
atoms per supercell, are characterized by very different relaxed lattice parameter, with T2 being shorter 
than H2; yet their energy gaps are very similar (as shown in Fig. 2a). The latter statement evidences that 
while the energy gap is mostly affected by the size of one-dimensional confinement, structural relaxation 
mostly depends on the shape and surface area of the Nw. 
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Table 2. Relaxed lattice parameters c, relaxed (unrelaxed) diameters D (D0), bond lengths (OS,Sub –Zn), average lateral surface of the 
wires per periodic cell (Save), ratio of surface atoms Ns/N, and energy gap Eg of hexagonal (H) and triangular (T) Nws. The unrelaxed 
diameters D0 are calculated with respect to atomic positions in the equilibrium bulk structure. 
 H1 H2 H3 T1 T2 T3 
c (Å) 5.379 5.371 5.340 5.380 5.356 5.349 
D (Å) 3.711 9.860 16.260 7.344 11.090 14.786 
D0(Å) 3.734 9.880 16.276 7.468 11.200 14.936 
∆D(Å) 0.023 0.020 0.016 0.124 0.110 0.150 
Os-Zn┴( Å) 1.873 1.858 1.856 1.878 1.878 1.878 
Osub- Zn┴( Å) - 1.992 1.985 2.004 1.996 1.987 
Save( Å2) 60.25 159.20 260.74 64.54 154.49 205.65 
Ns/N 1.00 0.50 0.33 0.69 0.54 0.45 
Eg(eV) 2.28 1.55 1.14 1.81 1.48 1.25 
 
Interestingly, while relaxing along their axes, the Nws shrink in the perpendicular directions and as a 
consequence their diameter is reduced with respect to the original unrelaxed structures (see ∆D=Do-D 
values of table 2). The values of ∆D get smaller for increasing H-Nws size, while no clear dependence on 
the diameter is found for T-Nws; however it is noticeable that the lateral relaxation of triangular wires is 5 
to 9 times larger then those of H-Nws. Because of the different relaxation mechanism observed for the 
two types of wires, it is apparent that they will also show markedly different elastic properties. 
 
Fig. 2. Variation of the energy gap with (a) Nw diameter and (b) relaxed lattice parameter along the Nw axes. The inset of figure (b) 
shows the correlation between the diameter and lattice parameter of the wires. 
 
To address the stability of the Nws considered in our study, we have calculated the difference between 
the total energy per ZnO formula unit of our systems (E(Nw)/ZnO) and the total energy corresponding to 
a ZnO pair in wurtzite bulk structure (Eb) as a function of the size and the shape of the nanowires: 'E = 
E(Nw)/ZnO – Eb. The calculated values appear to follow a linear trend if plotted as a function of (n)-1/2, 
where n is the number of ZnO unit in the supercell; moreover it is apparent that hexagonal shape Nws 
have energies lower than the triangular one (see Fig. 3). The linear fit of the two set of data gives: 
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'E = E(H)/ZnO – Eb ≈ 3.90 (n)-1/2     (eV)                                                                                     (1) 'E = E(T)/ZnO – Eb ≈ 3.47(n)-1/2 + 0.11   (eV)                                                                                     (2) 
 
Where E(H)/ZnO and E(T)/ZnO are the energy per ZnO unit of H-Nws and T-Nws respectively. In the 
case of infinite diameter wires (n→∞), the energy difference between hexagonal and triangular systems 
is: limn→∞ E(T)/ZnO – E(H)/ZnO = 0.11 eV. This difference can be understood in terms of the variation of 
the total surface energies of the two types of wires as a function of their size. Although all the wires here 
presented are delimited by (1010) non-polar surfaces, the variation of the surface/volume ratio with size is 
different for hexagonal and triangular Nws. Following the inset of Fig. 3, the lateral surfaces (per 
supercell) of H-Nw and T-Nw can be written as follows: 
 
S(H) = 6Lhch = 6×Rh ch                                                                                                                          (3) 
S(T) = 3Ltct = 3×(3)1/2Rt ct ≈ 5.2 Rt ct                                                                                                    (4) 
 
Where Rh,t and ch,t are the radius and lattice parameter of relaxed nanowires (H or T). It is clear from 
equations (3) and (4) that the total surface area depends on the product Rh,tch,t. When considering 
nanowires of increasing diameter, if Rh,t→∞, the ratio S(H)/S(T)→~1.15ch/ct. Since the lattice parameters 
ch,t of both types of nanowires tend to the equilibrium bulk value, c, as the Nws radius, Rh,t, tends to 
infinity, and taking into account that the volume of the hexagonal shape is twice larger than that of the 
triangular, the ratio S(H)/2S(T) becomes ~0.6. This implies that the surface to volume ratio of T shape 
wires is larger than that of H nanowires. (1010) ZnO facets although being the lowest energy non–polar 
surfaces are characterized by a relatively high value of surface energy: 0.8-1.35 J/m2 [34, 36]. Since 
stable nanostructures usually tend to minimize their surface energy, the above discussion justifies the fact 
that hexagonal shape nanowires are the one mostly observed experimentally. The above conclusion may 
not be valid if impurities are present. 
 
 
 
 
Fig. 3. Evolution of the relative energy of nanowires as function of n-1/2 with linear fit. Inset: schematic representation of hexagonal 
and triangular shapes Nws. 
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We finally discuss the electronic properties of the nanowires in terms of band structure and density of 
states (DOS); these are represented for all the studied cases in Fig. 4. Although DFT-GGA underestimates 
the width of the forbidden energy region, the increase of the energy gap predicted by our results (see Fig. 
2 and 4) and due to quantum confinement effects is consistent with experimental observations [4] that 
evidence blue shift in the photoluminescence spectra of small Nws. These results have been confirmed by 
other theoretical studies [18, 19, 24, 33]. We also note that the dispersion of the energy bands at the 
symmetry point A is more pronounced in H-Nws. The main feature of the total DOS reported in Fig. 4b 
for H-Nw and T-Nw is the presence of pronounced peaks at the top of the valence band that have strong 
contribution from the O2p states. As discussed below, these peaks corresponds to surface states and are 
more pronounced in T-Nws, that, as a consequence, are expected to give more intense photoluminescence 
signals. 
 
Fig. 4. a) Top (Bottom) : Electronic band structure of relaxed H-Nws (T-Nws), b) Top (Bottom) Total density of states for H-Nws (T-
Nws). The Top of the Valence band is taken as the zero of energy.  
 
To gain more insight into the nature of the conduction and valence bands edges of the nanowires, we 
have analyzed the spatial localization of the highest occupied (HO) state and the lowest unoccupied (LU) 
state. These states are represented for Nw H2 and T2 in Fig. 5. The electronic density pertaining to the HO 
state is strongly localized at the surface for both types of nanowires and, as expected from the projected 
DOS analysis (not shown here), it has the highest contribution from the 2p orbitals of oxygen atoms. In 
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contrast, the LU states, which have a Zn-4s character, are bulk-like states being distributed in the whole 
nanowire structure. 
 
 
Fig.5. Wave functions corresponding to the highest occupied state (HO) and the lowest unoccupied state (LU) at the * point for H2 
(a) and T2 (b) nanowires. The negative and positive values of the wave functions are shown with the same color. Xcrysden [41] is 
used for structure visualization. 
 
5. Conclusion 
 
In this paper we have analyzed the influence of the shape and size of ZnO nanowires on their physical 
properties as obtained by means of ab initio DFT simulations. We have found that hexagonal and 
triangular Nws undergo similar surface relaxation, yet changes in their lattice parameter both along the 
nanowire axes and in the perpendicular directions are quantitatively different even for Nws with 
comparable diameters. This finding points at a large dependence of the mechanical properties on the 
shape of the wires at least for small diameter wires. On the other side, we have found that the Nws energy 
gaps mostly depend on the size of the confining dimension (diameter) rather than on their shape. In 
particular we have found that in both hexagonal and triangular nanowires the highest occupied states 
corresponds to surface states that are more pronounced in the case of triangular wires. This feature may 
lead to enhanced photoluminescence properties of T-Nws with respect to H-Nws. Finally our results show 
that, the hexagonal shape nanowires are more favorable than the triangular one due to their lower surface 
energy for a given diameter value. Indeed, to the best of our knowledge, only ZnO nanorods and not 
nanowires with triangular cross section have been obtained experimentally until now [40]. Triangular 
nanowires, in view of their surface/volume ratio larger than the hexagonal ones, may show better 
performances when employed as active oxide layers in dye sensitized solar cells [10], since they would 
provide larger dye loading and thus increased light absorption efficiency. 
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